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THE  LIGHTNING  SJECTRUM.  CHARGE  TRANSFER  IN  LIGHTNING.  EFFICIENCY  CF 
CONVERSION  OF  EIZCTRICAL  ENERGY  INTO  VISIBIS  RADIATION 

Ti  Robert  Connor 

ABSTRACT 

In  the  e uimer  of  19&5  the  Atomic  Energy  Coonlsslon  and  the  Department 
of  Defense  (AREA)  sponsored  studies  of  the  optical  and  electromagnetic 
emissions  of  lightning  at  Los  Alamos,  N.  M.,  to  obtain  Information  far 
Improving  lightning  discrimination  methods  In  high  altitude  air  fluores¬ 
cence  detection  systems.  Hie  project  was  a  coordinated  effort  among  LASL, 
EG4G,  DRI,  and  a  small  AWRE  team.  LASL  obtained  slltless  spectra  of  11 
strokes  from  six  flashes.  The  analysis  and  evaluation  of  these  spectra 
and  correlated  electric  field  data  are  the  subject  of  this  report. 

The  spectra  were  of  the  following  types:  (1)  ten  stroke -re solved 
spectra  of  first  and  subsequent  return  strokes,  (2)  time -re solved  spectra 
of  two  continuing  luminosities,  (3)  the  spectrum  at  three  different  heights 
along  the  channel  of  a  single  return  stroke .  All  are  fully  reduced  in 
terms  of  flux  (erg/^-cm2 )  at  the  entrance  pupil  of  the  spectrograph  and 
corrected  for  atmospheric  transmission.  While  not  a  large  statistical 
sample,  these  spectra  are  of  considerable  value,  for  they  are  the  only 
quantitatively  reduced  spectra  covering  the  full  visible  wavelength  range. 

The  spectrum  of  lightning  consists  of  a  strong  continuum  with  strong 
lines  attributable  to  Nil,  NI,  HI,  and  01.  Hie  spectra  of  first  return 
strokes  differ  from  those  of  subsequent  return  strokes  and  continuing  lu¬ 
minosities.  If  the  best  straight -line  fit  Is  nade  to  the  continuum,  the 
ratios  of  continuum  In  the  vicinity  of  3900  i  to  that  in  the  vicinity  of 
6900  X  are  2.0,  1.6,  and  1.0  for  first  return  strokes,  subsequent  return 
strokes,  and  continuing  luminosities,  respectively.  These  ratios  indicate 
decreasing  channel  temperatures  In  the  order  given.  Also,  If  the  ratio  of 
Nil  radiation  to  NI  radiation  Is  used  as  a  measure  of  excitation  and  ioni¬ 
zation,  then  first  return  strokes  have  the  highest  degree  of  excitation 
and  ionizatlcn  of  the  three  lightning  phenomena,  and  continuing  luminosi¬ 
ties  have  the  lowest. 

On  the  basis  of  the  10  return-stroke  spectra,  considering  atmosphjric 
transmission  and  photodetectcr  sensitivities,  the  blend  of  Nil  multlplets 
at  5000  X  and  the  Ha  line  at  6563  X  appear  to  be  the  most  outstanding 
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features  with  a  potential  far  discrimination  applications.  Under  a  ve¬ 
rity  of  storm  and  background  light  coalitions,  the  5000-1  feature  nay 
be  even  better  than  the  6563-I  line. 

The  charge  transferred  to  ground  and  the  energy  deposited  In  the 
channel  were  calculated  using  fclartroaagnstlc  data  and  photographic  rang¬ 
ing  data.  Using  data  on  18  strokes  from  six  flashes,  averages  of  charge 
transferred  to  ground  are  7  coulomb  a  /stroke,  and  28  coulombs/flash.  The 
energy  per  aster  of  channel  depoelted  by  a  return  stroke  ranged  between 
2  x  10*  and  3  X  10®  Joules/meter.  The  efficiency  for  the  conversion  of 
electrical  energy  to  visible  (3900-  to  69OO-I)  radiation  was  calculated 
to  be  0.7 f. 


I.  HORCDUCTIGH  tine  exposures  (1  to  2  hours)  st  night  of  all  the 

light  emitted  by  a  lightning  storm  report  that  mo- 
Durlng  the  1965  AREA-AEC  joint  lightning  etuly  lecular  bands  In  general,  and  the  He  IN  bands  in 

at  Los  Aleaon,  coordinated  data  were  obtained  from  a  particular,  are  among  the  moat  dominant  features  in 

tlar  -rs solved  spectrograph,  from  collimated  photon-  the  visible  spectrum.  Since  the  detection  of  high 

eters  with  narrow  spectral  bani passes,  from  all-sky  altitude  air  fluorescence  is  based  on  a  narrow  op- 

phot  carters  similar  to  those  used  in  the  IASL  High  tical  bandwidth  channel  at  the  3914-1  bandhead  of 

Altitude  Air  Fluorescence  Detection  System,  and  from  the  Ha  IS  (0,0)  transition,  It  Is  important  to  ob- 

aot'mai  designed,  to  stuly  the  blectroamgnetlc  emls-  tain  answers  to  the  following  questions :  (1)  What  Is 
slcns  produced  by  lightning.  The  study  was  under-  the  source  of  molecular-band  radiation  in  a  light- 
taken  to  obtain  basic  data  on  the  physics  of  light-  nlng  stormt  (2)  Is  this  source  capable  of  trigger- 

ning  and  statistical  infermtion  on  its  optical  and  lng  the  all-ssy  air  fluorescence  detection  system? 

electromagnetic  emissions  to  Improve  lightning  dls-  (3)  If  this  source  can  trigger  the  all-sky  detection 

crimination  methods  In  Vela  Sierra  systems .  The  re-  system,  can  the  system  be  modified  to  decrease  the 

suits  of  the  spectrographlc  and  IASL  electromagnet-  false  alarm  rate  during  lightning  storms? 
lc-pulae  studies  are  discussed  and  applied  to  the  t^**  are  data  in  the  literature  which  have  a 

problem  of  discrimination.  be  airing  on  these  questions.  In  1903  Fax2  observed. 

The  literature  on  the  optical  spectrum  of  from  slitless  spectra,  that  relative  Intensities  of 

lightning  from  1901  to  i9601  shows  that  the  spectra  various  atomic  line  features  In  a  lightning  channel 

obtained  by  different  techniques  differ  significant-  varied  as  a  function  of  height  along  the  channel, 

iy  In  certain  features  of  Importance  to  designers  of  Then.  In  1941,  Israel  and  Wu m,3  using  a  siltless 

system  Intended  to  detect  high  altitude  air  flue-  spectrograph,  first  mde  the  now  confirmed  observe¬ 
rs  scence  from  clandestine  nuclear  tests  In  space.  tlon  that  the  degree  of  Ionization  and  excitation  as 

Thorn  Investigators,  Including  Salanave,  who  em-  measured  by  the  ratio  of  radiation  from  singly  i De¬ 
ployed  slitless  spectrographs,  report  a  strong  con-  lzed  atoms  to  that  from  neutral  stems  is  highest 

tlnuua  throughout  the  visible  wavelength  range  with  near  the  bottom  of  the  lightning  channel  and  de- 

strong  line  features  from  neutral  and  singly  Ionized  creaoes  toward  the  cloud.  They  also  Identified  the 

atom.  In  sons  cases  with  a  vide  water-vapor  absorp-  N2  11*  bands  whose  excitation  followed  that  of  the 

tlcn  banl  extending  from  5900  to  6000  l,  and  in  a  neutral  atoms  and  was  therefore  a  stronger  spectral 

few  (approximately  5^)  cases  with  weak  Hu  IN  molecu-  feature  nearer  the  clouds. 

lar-band  emission.  Cto  the  other  hand,  those  who  em-  Melnel  **  salanave4  have  staled  the  possible 

ploy  conventional  slit  spectrographs  to  obtain  long  source  of  Ns  emission  In  lightning  star  s  sal 
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limited  the  list  of  possibilities  to  the  following! 

(1)  continuing  luminosity  in  the  nain  channel, 

(2)  the  {resumed  fin  of  streamers  within  the 
cloud  that  snread  the  charge  pulse, 

(3)  leader  processes,  or 

(4)  corona,  which  era  nates  from  a  large  area  of 
the  earth's  surface,  and  can  produce  long  duration 
pulses  with  significant  exposure  in  a  time -integra¬ 
ted  spectrum. 

During  the  summer  study,  ve  obtained  a  nuafcer 
of  time-resolveu  slitless  spectra  which  were  then 
fully  reduced  to  give  the  incident,  time -integrated, 
spectral  flux  (ergs /cm-2  Jr1)  at  the  entrance  pupil 
of  the  spectrograph  as  a  function  of  wavelength; 
these  spectra  were  corrected  for  atmospheric  trans¬ 
mission.  In  a  search  of  the  literature  no  cither 
fully  reduced  spectra  of  lightning  were  found. 

This  report  discusses  these  spectrographic  data 
and  the  IASL  electromagnetic  pulse  data  in  an  at¬ 
tempt  to  answer  some  of  the  questions  posed  here  arri 
to  extract  a  few  more  Hunters  to  add  to  the  meager 
supply  of  quantitative  results  on  the  physics  of 
lightning. 

II.  SraCTROGCOPT  OF  LIGHTNING 

A .  Apparatus 

The  reduced  spectra  were  obtained  using  the 
N**GS  lens  and  grating  slitless  spectrograph5  with 
film-aperture  ratio  of  f/2.8  and  dispersion  of  ap- 
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Fig.  2.  Calibration  setup  far  N4GS  spectrograph. 

procimately  90  Ijm.  Figure  1  is  a  diagram  of  the 
J&GS  optics.  A  measured  resolution  of  about  6  1  was 
realized.  Spectra  covered  the  wavelength  Interval 
3800  to  7000  I.  A  horizontal  slot  at  the  normal 
slit  plane  defined  the  field  of  view  to  either  0.05° 
or  0.3°  vertical  by  16°  horizontal  (total  angles). 

Ti me  resolution,  attained  by  film  motion  perpendicu¬ 
lar  to  the  direction  of  dispersion,  was  either  3  or 
18  msec.  The  film  used  was  East  nan  Kodak  2U75. 

B.  Calibration 

Figure  2  shows  the  setup  of  the  calibration 
source.  The  tungsten  ribbon  was  placed  at  the  focus 
of  the  aluminum  mirror,  and  the  focus  was  checked 
with  a  theodolite.  The  image  of  the  ribbon  was  then 
farmed  at  the  entrance  slit  by  an  objective  lens  and 
centered  on  the  100 -u -vide  vertical  slit  used  for 
calibration.  The  shutter  open  time  was  measured  by 
placing  a  phototube  inside  the  spectrograph  at  the 
plAne  A -A  (Fig.  1)  and  displaying  the  signal  on  an 
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oacllloacope .  Spectra  of  the  tungsten  filament  were 
then  recorded  c-  ^lm  for  various  combinations  of 
calibrated  neutral  density  filters.  A  wavelength 
calibration  vms  obtained  by  taking  spectra  of  a  mer¬ 
cury  and  a  neon  source.  Sens  It  one  trie  step  wedged 
were  impressed  on  the  film  which  was  then  developed 
by  a  Versoeat  flic  processor. 

the  temperature  of  the  tungsten  filament  was 
measured  with  a  pyrometer  and  determined  to  be 
2024. 4°K.  the  brightness  vs  wavelength  curve  for 
the  tungsten  lamp  was  determined  using  W.  Gould's 
RAY  code. 

A  transmission,  T-(X ),  was  calculated  at  100-JL 
intervale  between  3800  and  7200  k  for  each  filter 
corfclnetlcn.  this  transmission  is  multiplied  by  the 
trlghtness,  b(X),  of  the  tungstsn  lamp  and  by  the 
exposure  durst  Ion,  T,  and  divided  by  the  product  of 
dispersion,  D,  and  the  width,  W,  of  the  entrance 
slit  in  the  film  plane  to  give  the  time-integrated 
brightness,  HffB(X),  of  the  Image  in  the  entrance 
slit, 

ergs 

mrB(x)  -  [b(x)-t(x)*t]A>-w  — — —  , 

cnr*A*ar 

for  an  entrance -slit  width  carrespxnling  to  1  H  in 
the  film  plane. 

For  the  presentation  of  the  data  In  final  farm, 
this  brightness  at  the  entrance  slit  is  converted  to 
fltix  at  the  entrance  pupil. 

C.  Method  of  Data  Reduction 

The  densitometry  was  carried  out  on  the  Eastnau 
Kodak  mi  cr odens  it  coster,  the  slit  chosen  was  23  ^ 
high  (the  spectra  tanged  between  30  and  300  )i  In 
height)  and  150  n  vide  (equivalent  to  13.3  k),  Al¬ 
though  the  theoretical  resolution  of  3  k  far  the 
spectrogrep  -  would  have  dictated  the  use  of  a  ellt 
approximately  30  1 4  vide.  It  wee  >edessary  to  use  the 
wider  silt  to  lessen  the  noise  in  the  densitcemter 
tracing,  since  this  noise  was  due  to  the  greinlnsss 
of  the  film.  The  dens  lease  ter  was  calibrated  dally 
using  a  step  wedge  as  a  standard. 

The  densitometer  tracings  of  the  spectra  were 
digitized  and  put  on  IBM  cards,  and  the  data  reduc¬ 
tion  was  carried  out  by  a  series  of  computer  pro¬ 
grams.  A  description  of  the  data  reduction  of  cos 


of  the  spectra  Is  given  to  illustrate  the  stepu 
taken.  The  spectrum  is  that  of  a  return  stroke  of 
flash  nuaber  103  of  run  40  (hereafter  referred  to  by 
Count  No.  40.103),  which  was  the  stroke  on  which  the 
photoelectric  systems  triggered.  This  was  the  sec- 
..  stroke  of  a  multistroke  cloud -to -ground  flash. 

Figure  3  is  a  plot  of  density  vs  wavelength  fear 
the  daylight  exposure  taken  milliseconds  before 
flash  40.103.  Three  separate  tre sings  were  nada 
milliseconds  apart  and  hand  averaged  on  a  light 
table.  The  dots  in  Fig.  3  represent  these  averaged 
daylight  background  data.  The  solid  line  is  the 
data  corrected  by  the  step-wedge  calibration  of  the 
uensltosmter. 

The  solid  line  in  Fig.  4  is  the  densitometer 
tracing  (corrected  by  step -wedge  calibration)  of  the 
stroke  which  occurred  at  the  time  of  the  trigger  for 
flash  40.103. 

"he  densitometer  tracings  are  reduced  using  the 
calibrations  described  in  Section  B.  The  results 
for  the  daylight  background  and  the  lightning  apse- 
tram  are  shown  in  Figs.  3  and  6,  respectively.  The 
wavelength  scale  has  also  been  corrected  at  this 
point. 


Run  40  Count  103 
Doy light  Background 


Fig.  3.  Density  vs  wavelength  produced  by  daylight 
background  milliseconds  before  count  103, 
run  40.  Zero  density  equals  film  fog  level. 
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Figure  7  oh  on  the  result  of  subtracting  the 
daylight  background  from  the  lightning  spectrum. 

Figure  0  is  the  humid-air  transmission  under 
I*>s  Alamos  weather  conditions.  (Far  discussion  of 
atmospheric  transmission  see  the  Appendix.}  Final- 


Run  40  Count  103 
Daylight  Background 


Wavelength  (A) 

5»  Inferred  daylight  background  spectrin  with 
wavelength  scale  corrected. 


ly,  the  spectrum  is  corrected  for  humid-air  trans¬ 
mission  (see  Fig.  11),  and  the  dominant  radiating 
jpecies  are  identified  using  Charlotte  Moore's  mul 
tiplet  designations®  which  are  given  in  Tat la  I. 


Run  40  Count  103 
Time  ■  Trigger  .  0  msec 


Wovelength  (1) 

Spectrum  of  lightning  expressed  as  bright, 
nsss  vs  wavslength  of  chanasl  img a  at 
spectrograph  entrance  slit. 
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Humid  Air  Transmission 


Run  40  Count  IC3 
Time  *  Trigger  ♦  0  msec 


Fig.  8.  Humid-* lr  transmission  far  7 -km  observa¬ 
tion  path  under  Los  Alamos  weather  condi¬ 
tions. 

D.  Results 

The  results  are  presented  here  In  the  farm  of 
fully  reduced  spectra  whose  strongest  and  most  re¬ 
producible  (from  stroke  to  stroke)  features  are 
identified.  These  spectra  are  presented  In  Figs.  9 
through  25  as  plots  of  wavelength  vs  tire -Integrated 
flux  at  the  entrance  pupil  of  the  spectrograph. 

Each  Is  Identified  by  a  run  and  count  nucfeer.  The 
time  given  Is  that  at  which  the  spectrum  was  ob¬ 
tained  measured  relative  to  the  trigger  provided  by 
the  collimated  photoelectric  Hn  channel'..  The  rec¬ 
ords  of  the  Los  Alamos  weather  station  v:re  used  to 
calculate  the  atmospheric  selective  transmission  as 
described  In  the  Appenc.lx.  The  range  of  the  stroke 
was  measured  by  photographic  triangulation.7  The 
spectral  flux  Is  Integrated  over  wavelength  from 
3900  to  6900  A,  and  after  rain  transmission  correc¬ 
tion  this  result  is  used  to  calculate  the  efficiency 
of  conversion  ot  electrical  energy  to  visible  radia¬ 
tion  In  the  channel. 

It  must  be  pointed  cut  that  the  t  "me -Integrated 
flux  Is  that  originating  from  a  length  of  channel 
whose  vertical  component  Is  l.  The  vertical  length 
of  the  channel  over  which  the  spectrum  1b  spatially 
Integrated  Is  dependent  on  range  and  is  given  by 


i  ■  0.9  R  meters,  where  R  Is  the  range  In  kilometers. 

Spectra  were  obtained  for  first  return  strokes, 
subsequent  return  strokes,  and  continuing  luminosi¬ 
ties. 

E.  Discussion  of  Results 

In  the  data  reduction  the  most  difficult  prob¬ 
lem  was  to  prove  that  the  continuum.  Inferred  from 
the  slitless  spectra,  was  Indeed  true  continuum  and 
not  scattered  light.8  This  problem  was  solved  dur¬ 
ing  the  susxser  of  1966  by  operating  the  same  spec¬ 
trograph  as  a  time -resolving  slit  Instrument.  On 
the  vhole,  the  Rlit  and  slitless  spectra  show  fea¬ 
tures  similar  to  those  described  above.  While  the 
results  of  the  slit  spectra  are  still  preliminary, 

I  can  make  the  following  statements  regarding  the 
two  types  of  spectra: 

(1)  Neither  the  tine -resolved  slitless  spec¬ 
tra  nor  the  time-resolved  alii,  pretra  show  a  band- 
head  at  39-4  X. 

(2)  Far  the  slitless  spectra,  the  lmge  of 
the  lightning  channel  at  the  entrance  aperture  nay, 
indeed,  be  regarded  as  the  entrance  slit;  l.e.  the 
spectra  presented  here  are  free  from  errors  due  to 
light  scattered  from  points  at  large  angular  dis¬ 
tances  ft-oo  the  channel.  This  conclusion  Is  drawn 
from  the  structural  similarity  of  continue  of  the 
slit  and  slitless  spectra  iu  those  Intervals 

(3800  to  4000  X,  4800  to  5200  X,  and  6800  to  7000  X) 
In  which  the  spectrograph-film  sensitivity  is  chang¬ 
ing  quickly  as  a  function  of  wavelength. 

(3)  Llnewidths  far  the  slit  spectra  are  nar¬ 
rower  than  those  for  the  siltless  spectra.  This 
my  be  due  to  light  scattered,  reflected,  or  emit¬ 
ted  close  to  the  channel  or  to  light  scattered  at 
snail  angles  near  the  propagation  path  to  the  de¬ 
tector.  However,  such  scattering  Is  not  sufficient 
at  large  distances  from  the  channel  to  contradict 
conclusion  (2),  and  limits  the  Interpretation  of  the 
slitless  spectra  only  insofar  as  It  prevents  the  in¬ 
ference  of  llnevldths  from  them. 

The  slitless  'pectra  may  be  classified  as: 

(1)  first  return  strokes,  (2)  subsequent  return 
strokes,  and  (3)  continuing  luminosities,  each  with 
different  spectral  characteristics.  The  descrip¬ 
tions  of  each  follow. 
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gs/A  cm 


ergs/A  cm 


Run  40  Count  103 
Time  =  Trigger  +  31  msec 


5500  uooo  1*500  5000  5500  6ooo  6500  7000 

WAVELENGTH  (A) 


Fig.  12.  Spectrum  (taken  at  twilight)  of  subsequent  return  stroke.  Electrical  energy  deposited  is  unknown 
Rain  transmission  =  5.6  x  10"2.  Visible  energy  radiated  »  **.2  x  101  Joule/aeter,  corrected  for 
rainfall  transmission.  Range  =  {  kra. 


13 


_Q  o  2 

10  ergs/A  cm  ) 


WAVELENGTH  (A) 


Fig.  l4 •  Spectrum  (taken  at  twilight)  of  subsequent  return  stroke.  Electrical  energy  deposited  »  9.0  x  104 
.louie/ncter.  Bain  transmission  -  5.6  x  10*2.  Visible  energy  radiated  »  5.7  x  102  Joule/mster, 
corrected  far  rainfall  transmission.  Range  -  J  km. 


TIME  INTEGRATED  FLUX  (I0"  ergs/A  cm 


.. 


Run  40  Count  127 
Time  =  Trigger  +74  msec 


J500  Uooo  1*500  5000  5500  6000  6500 


WAVELENGTH  (A) 


Fig.  15.  Spectrum  (taken  at  twilight)  of  first  return  stroke.  Electrical  energy  deposited  «  3.2  *  104 
,1oule /meter.  Rain  transmission  »  3*5  x  10-2.  Visible  energy  radiated  »  2.3  x  10®  Joule/meter, 
corrected  tar  rainfall  transmission.  Range  »  7.2  km. 


(tO  IM 


WAVELENGTH  (A) 


Fig.  16.  Spectrum  (taken  at  twilight)  of  first  return  stroke.  Electrical  energy  deposited  ■  2.1  x  104 
joule/meter.  Rain  transmission  «  1.1  x  aO*1.  Visible  energy  radiated  -  2. 5  x  10s  ,1oule /meter 
corrected  far  rain  transmission.  Range  «  4.0  km. 


WAVELENGTH  (A) 


Fig.  17.  Spectrum  {taken  at.  twilight)  of  subsequent  return  stroke  which  results  in 
Electrical  energy  deposited  1e  unknown.  Rain  transmission  «  1.1  x  10*1. 

■  9.8  ’ou?e/ineter,  corrected  far  rain  transmission.  Range  *  b.O  km. 


a  continuing  luminosity 
Visible  energy  radiated 


TIME  INTEGRATED  FLUX  (10  ergs/ 


Run  40  Count  171 
Time  =  Trigger  +  77  msec 


WAVELENGTH  (A) 


Fig.  21.  Spectrum  (taken  at  twilight)  of  fir  it  return  stroke.  Electrical  energy  deposited  «  2.2  x  104 
Joule/meter.  Rain  transmission  -  1.5  x  10*1.  Visible  energy  radiated  «  5*9  *  10l  ,1oule/neter 
corrected  far  rain  transmission.  Range  ■  U.6  km. 


Fig.  22 ,  Spectrum  (taken  at  night)  of  continuing  luminosity.  Electrical  energy  deposition  is  unknown. 

Bain  transmission  «  1.5  x  10'1.  Visible  energy  radiated  »  1.9  x  101  joule /meter,  corrected  far 
rain  transmission.  Range  ■  4.6  km. 
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E  INTEGRATED  FLUX  (10  °ergs/A  cm£) 


Fig.  23.  Spectrum  (taken  at  night)  of  probable  first  return  stroke.  Electrical  energy  deposited  and  rain 
transmission  are  unknwm.  Spectrum  corresponds  to  an  element  of  the  channel  at  fiducial  altitude 
H.  Visit le  energy  radiated  -  1.9  x  101  Joi  le/meter,  not  corrected  far  rain  transmission.  Range 
■  12  km.  On  the  basis  of  distribution  as  a  function  of  range  of  absolute  irradlances,  ao  measured 
by  collimated  photometers,  the  rain  extinction  coefficient  Is  estlna  »d  to  be  0.15  km"1.  Thus, 
estimated  rain  transmission  far  this  count  Is  ~  1.7  x  10"'. 
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Run  44  Count  195  Height  -  H  +  !9  meters 
Time  =  Trigger  +  75  msec 


14 

12 

£ 

1 

cvT 

E 

o 

o<  10 
\ 

(/> 

CP 

fc- 

QJ 

GO 

g  e 

X 

3 

_l 

Ll. 

S  6 

£ 

tr 

o 

UJ 

t- 

z 

4 

LlJ 

1- 

2 

0  , 

* 

in 

d 

ON 

H 

i 

CO 

vq 

<v 

fc 

_ 1. 

"o 

SL 

e 

1 

g 

£3  ~ 

tn 

gs  w  s 

a  m  h 

CVJ 

VO 

H 

vO 

m 

B 

rn 

■ 

■ 

1 

Hi 

p 

w*. 

B 

J  ! 

Hoi! 

KB 

N 

TV 

5500  4000  4500  5000  5500  6000  6500  T000 


WAVELENGTH  (A) 


Fig.  24.  Spectrum  (taken  at  night)  of  probable  first  return  stroke.  Electrical  energy  deposited  and  rain 
transmission  are  unknown.  Spectrum  corresponds  to  an  element  of  the  channel  at  altitude  H  +  19 
meters.  Visible  energy  radiated  =  1.2  x  101  Joule/raeter ,  not  corrected  for  rain  transmission. 
Range  »  12  km.  Estimated  rain  transmission  ~  1.7  x  10"1  (refer  to  Fig.  2}  caption). 
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TIME  INTEGRATED  FLUX  (10  ergs/A  cm  ) 


Rur.  44  Count  195  Height  =  H+40  meters 
Time  =  Trigger  +75  msec 


WAVELENGTH  (A) 


Fig.  25.  Spectrum  (taken  at  night  )  of  probable  first  return  stroke.  Electrical  energy  deposited  and  rain 
transmission  are  unknown.  Spectrum  corresponds  to  an  element  of  the  channel  at  altitude  H  +  Uo 
meters.  Visible  energy  radiated  *  1.1  x  10A  Joule/meter,  not  corrected  for  rain  transmission. 
Range  ■  12  km.  Estimated  rain  transmission  is  —  1.7  x  10-1  (refer  to  Fig.  2}  caption). 
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1.  First  return  strokes  -  The  strong  line  fea¬ 
tures  are  attributable  to  the  species  NI,  Nil,  01, 

HI,  and  there  are  no  molecular  bandheads.  If  the 
spectrum  were  viewed  by  a  20-  to  30-Jl-baniwldth  de¬ 
tector,  the  strongest  feature,  on  the  average,  would 
be  the  blend  of  foul  Nil  multiplets  at  5000  k.  (A 
feature  such  as  Nil  (12)  at  3995  A  may  have  a  higher 
peak,  as  seen  by  the  spectrograph,  but  It  is  much 
narrower.)  There  Is  also  a  hi{h  density  of  weaker 
multiplets  between  4000  and  4250  k,  and  an  Ha  fea¬ 
ture  appears  which,  an  the  average,  la  moderately 
strong.  Using  the  ratio  of  Nil  to  NI  radiation  as  a 
measure,  the  degree  of  ionization  is  higher  in  first 
return  strokes  than  in  either  subsequent  ret '.am 
strokes  or  continuing  luminosities.  The  best  esti¬ 
mate  of  a  straight-lias  fit  to  the  continuum  shows 
that  the  ratio  of  tne  continuum  at  3900  k  to  that  at 
6900  k  is  ~  2. 

2.  Subsequent  return  strokes  -  Strong  line 
features  are  attributable  to  the  species  NI,  Nil, 

01,  and  HI,  and  there  are  no  molecular  bandheads. 

If  the  spectrum  is  viewed  by  a  20-  to  30 -k  band¬ 
width  detector,  the  strangest  feature  is,  in  every 
case,  Ha  at  6563  k.  The  next  "+*-ongest  is  Nil  at 
5000  k,  but  it  1b  not,  an  the  average,  much  stranger 
than  a  few  of  the  multiplets  which  sake  up  a  blend 
of  features  between  4000  and  4250  k.  The  degree  of 
ionization  is  lower  than  in  first  return  strokes  and 
higher  than  in  continuing  luminosities.  The  best 
estimate  of  o  straight-line  fit  to  the  continuum 
shows  that  the  ratio  of  the  continuum  at  3900  k  to 
that  at  69OO  k  is  ~  1.6. 

3.  Continuing  luminosities  -  The  major  line 
features  are  attributable  to  NI,  01,  aid  HI,  with 
very  weak  Nil.  The  strongest  line  feature  in  every 
case  is  Ha.  The  degree  of  ionization  is  lower  than 
for  return  strokes.  The  best  estimate  of  a  straight- 
lins  fit  to  the  continuum  gives  a  ratio  uf  continuum 
at  3900  k  to  that,  at  69OO  k  of  ~  1.  There  is  a  very 
much  stronger,  very  broad  blend  of  features  between 
38OO  and  3900  k.  Upon  rt checking  original  calibra¬ 
tions,  reducing  additional  calibration  data,  and 
checking  the  magnitude  of  possible  errors  incurred 

in  subtraction  of  dayligit  background,  I  must  con¬ 
clude  that  this  blend  of  features  is  definitely 
real.  In  addition,  the  spectre  of  continuing  lumi¬ 
nosities  are  in  qualitative  agreement  with  those  of 


Salanave.  In  Salai»ve's  spectra,  lines  and  bands 
are  smeared  in  wavelength  due  to  his  method  of  re¬ 
cording,  but  he  was  able  to  conclude  that  "the  con¬ 
tinuing  luminosity  seems  definitely  strongest  in 
that  part  of  the  spectrum  favored  by  the  CN  and  N2 
bands,  are!  Ha."9  The  spectra  presented  here  seem  to 
show  that  continuing  luminosities  are  not  e  major 
source  of  Na  IN  seen  by  long  exposure  slit  spectro¬ 
graphs. 

As  mentioned  above,  the  calibrations  are  being 
reworked  using  additional  data  which  should  yield 
the  best  possible  reduction.  Preliminary  results 
indicate  an  overall  change  in  the  spectra,  such 
that  the  flux  will  be  20  to  30%  higher  in  the  blue, 

5  to  15%  higher  in  the  green,  and  0  to  10%  lower  in 
the  red. 

F.  Discrimination 

While  the  lightning  spectra  are  not  a  large 
statistical  sample,  they  do  give  complete  wavelength 
coverage  between  3900  and  69OO  k,  and  are  therefore 
useful  in  determining  whether  or  not  there  may  be 
other  or  better  discrimination  channels  than  either 
415010  or  6563  k. 

The  merit  of  a  discrimination  channel  muBt  be 
based  on  the  following  parameters:  (1)  its  spectral 
width  and  its  average  signal  relative  to  that  of  the 
3914 -k  detection  channel,  (2)  the  sensitivity  of  the 
photodetactor  at  the  wavelength  of  the  discrimina¬ 
tion  channel  relative  to  that  at  3911*  k,  (3)  atmos¬ 
pheric  transmission  at  the  wavelengths  far  detection 
and  discrimination,  and  (4)  the  field  of  view  and 
related  considerations  of  tnc  path  by  which  light 
propagates  into  the  detector,  which  can  cause 
changes  in  the  relative  spectrum  detected. 

A  quantitative  discussion  at  these  prrameters 
for  a  discrimination  channel  will  be  presented  in 
Volume  4.  However,  it  is  worth  pointing  out  that  a 
20- i -wide  discrimination  channel  centered  on  a 
blend  of  Nil  multiplets  near  5000  a  may  be  as  good 
or  better  a  discriminant,  under  a  variety  of  storm 
and  background  light  conditions,  than  one  at  either 
4150  or  6563  k. 

It  seems  jorthvhile  to  Investigate  the  possi¬ 
bility  of  using  a  narrow  band,  5000-Jl  channel.  To¬ 
ward  this  end  the  large  s+atistical  sample  of 
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Table  n.  Field  C t 


ge  Calculations 


Stroke  T1m> 

after 

Count 

Trigger 

40.61 

180 

235 

298 

40.87 

75 

145 

206 

274 

40.103 

49 

150 

188 

40.127 

lfi 

30 

74 

147 

40.171 

55 

40.166 

150 

Antenna 

Scope 

plus  Preamp 

Signal* 

a.  t 

Sensitivity 

£LL.  tv1) 


0.106 

t 

29?* 

2.5 

X 

103 

0.138 

± 

22* 

0.131 

± 

23* 

0.15 

± 

20* 

2.5 

X 

103 

0.15 

± 

20* 

0.076 

± 

40* 

0.073 

1 

40* 

0.050 

t 

62* 

0.33 

4 

50* 

2.5 

X 

103 

0.30 

4 

10* 

0.038 

4 

100* 

0.42 

4 

3* 

0.088 

4 

35* 

2.5 

X 

103 

0.12 

4 

26* 

0.19 

4 

21* 

0.053 

4 

56* 

0.110 

4 

28* 

2.5 

X 

104 

O.O65 

4 

47* 

2.5 

X 

10* 

Field  Chance, 
AE 

_ (V/»J _ 

Charge 

Center 

Height 

(km) 

260  4 
340  4 
330  4 

29* 

22* 

23* 

1.4  4  20* 

370  4 
370  4 
190  4 
180  4 
130  4 

20* 

20* 

40* 

40* 

62* 

1.2  4  20* 

830  4 
750  4 
95  ± 
1050  4 

50* 

50* 

100* 

0* 

1.9  4  20** 

220  4 
300  4 
480  4 
130  4 

35* 

26* 

21* 

56* 

1.6  4  20* 

27c  t 

28* 

2.3  4  20* 

1600  4 

47* 

1.9  ±  20* 

Charge 

Transferred, 


Range 

A4 

(tas) 

_ i£i_ 

11.8 

2  4  60* 

3  4  40* 

3  4  40* 

10.0 

17  ±  40* 

17  ±  4o* 

9  4  60* 

3  4  60* 

6  4  60* 

7** 

9  ±  70* 

8  4  30* 

1  4  100* 

12  4  30* 

7.1 

3  4  60* 

4  4  50* 

6  4  kc1' 

2  4  80* 

4.1 

7  ±  50* 

4.7 

6  4  70* 

4 The  error  canes-poods  to  the  halfvidth  of  the  osc illoec ope  bean  except  for  those  signals  occurring  at  t0. 
If  the  signal  occurred  at  t0,  the  field  strength  before  the  stroke  vas  unknown  and  the  field  change  was 
•rt  Isa  ted  by  comparing  the  Ha  signal  with  other  strokes  of  the  same  flash.  The  error  In  this  case  Is  the 
estimated  error. 

**No  ranging  pictures  were  available.  After  a  check  of  available  ranging  data  for  other  counts,  n  range  of 
7  km  vas  assumed.  A  plot  of  channel  length  vs  range  from  ranging  picture  data  furthermore  Indicates  that 
the  vertical  component  of  a  channel  at  7  km  Is  1.6  km.  later  data  on  thunder  Indicates  a  range  of  ~  6  km. 


broadband  (~  200-i)  data  for  a  channel  which  In¬ 
cludes  5000  1,  taken  by  EGAG- operated  all-sky  pho¬ 
tometers,11  and  the  slit  spectra  obtained  during  the 
Burner  of  1966  will  be  used  in  the  discrimination 
and  false  alarm  analysis  of  Volume  4. 

III.  CAICUUTICB  IHCM  ELECTRIC  FIELD  ANTENNA  DATA 
CT  THE  CHARGE  TOAfBFERRED  TO  GROUND  HI  LIGHTNING 

During  the  1965  AREA -AEG  Joint  lightning  study, 
IASL  operated  three  electric  field  antennas.7  Two 
of  these  antemms  gave  data  on  the  change  In  the 
vertical  component  of  the  quasl-dc  electric  field 
caused  by  a  lightning  flash.  Knowing  the  range  and 
the  channel  length  from  ranging  pictures  and  having 
aaasured  the  electric  field  change.  It  was  then  pos¬ 


sible,  on  the  basis  of  a  dipole  model,  to  calculate 
the  charge  transferred  to  the  ground.  The  dipole  Is 
formed  by  a  negative  charge  center  near  the  bottom 
of  the  cloud  and  its  Image  charge  In  the  ground.  It 
is  tlie  destruction  of  this  dipole  during  a  lightning 
stroke  which  produces  the  measured  field  change. 

The  charge  transferred,  AQ,  is  then  given  by  the 
following  expression  which  Is  equivalent  to  that 
given  by  Ms lan. 12 


CA 


2nco 


h*  +  R2 


sin  arc  tan  [  ^ .  j 


AL 


5.55  x  10-5  x 


ha  +  R2 

- 7ET  *  A®  * 

sin  arc  tan  I  ^  J 


where  h  is  the  height  of  the  charge  cento r  above 
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ground  in  kilometers ,  R  is  the  distance  from  the 
stroke  to  the  antenna  in  kilometers,  AE  Is  the  ver¬ 
tical  field  change  in  volts  per  meter,  and  AQ  Is  In 
coulombs.  The  value  of  h  was  obtained  by  'measuring 
the  vertical  cojiponent  of  the  length  of  the  visible 
channel  between  ground  and  the  cloud  and  assuming 
that  the  charge  center  was  20$  higher.  Inside  the 
cloud. 

The  "slow  antenna"13  was  built  by  Marx  Brock  of 
the  New  Mexico  Institute  of  Mining  and  Technology, 
and  lent  to  IASL  for  the  lightning  study.  Its  sig¬ 
nals  were  recorded  both  on  an  oscilloscope,  giving 
field  changes  far  the  various  strokes  In  a  flash, 
and  on  paper  chart,  giving  the  total  field  change 
far  a  flash.  The  A2  antenna  was  a  wire  suspenled 
about  a  meter  above  the  grouwi  which  was  kept  at 
the  same  potential  as  the  surrounding  air  by  means 
of  a  radioactive  source  hung  near  Its  center,  as 
described  by  Schonland.14  The  signal  from  this  an¬ 
tenna  was  recorded  on  paper  chart  only  and  gave  to¬ 
tal  field  change  far  a  flash. 

Table  II  contains  the  results  of  the  calcula¬ 
tion  far  field  changes  measured  from  the  "slow  an¬ 
tenna"  scope  records. 

The  total  field  changes  and  total  charge  trans¬ 
ferred  In  a  flash  are  shorn  In  Table  III. 

Table  III.  Total  Field  Charge  and 
Charge  Transferred  During  Flash 


A2  Antenna 
Chart  Data 

Slow  Antenna 
Chart  Date 

Slow  Antenna 
Scope  Data 

Count 

AE 

AQ 

AE 

AQ 

AE 

AQ 

No. 

(V/m) 

M 

(v/n) 

isi 

g/sl 

M 

40.61 

1400 

13 

1400 

13 

930 

8 

40.87 

1700 

80 

1420 

67 

1120 

57 

40.105 

4500 

50 

5500 

36 

2730 

30 

40.127 

5600 

47 

2500 

33 

1150 

15 

40.171 

6000 

16 

1850 

5 

2700 

7 

40.186 

1700 

7 

5840 

15 

1600 

6 

Average 

56 

28 

21 

On  the  basis  of  the  estlsmted  errors  from  Table 
II,  and  the  scatter  In  tue  results  in  Table  III,  the 
uncertainty  In  the  calculation  of  the  charge  trans¬ 
ferred  nay  be  ubout  a  factor  of  two. 


The  average  charge  transferred  per  stroke  far 
18  strokes  given  In  Table  II  Is  7  coulombs /stroke. 
This  agrees  with  the  value  of  5  coulombs  quoted  by 
Melon18  as  the  average  charge  dissipated  to  ground 
by  the  first  stroke  of  a  lightning  flash.  Malan 
also  gives  20  coulombs  as  the  average  charge  trans¬ 
ferred  to  ground  per  flash,  which  Is  in  good  agree¬ 
ment  with  the  28-coulomb  average  for  six  flashes 
given  in  Table  III. 

The  value  of  charge  transferred  In  a  given  re¬ 
turn  stroke  Is  used  in  the  next  section  to  calculate 
the  energy  deposited  In  the  channel. 

IV.  EFFICIENCY  CF  CONVERSION  CF  EIECTRICAL  ENERGY 
INTO  VISIBLE  RADIATION  IN  A  LIGHTNING  CHANNEL 

Far  the  spectra  presented  in  Section  II  D,  the 
energy  radiated  in  the  visible  wavelength  interval 
5900  X  s  1  s  6900  k  per  meter  of  vertical  component 
of  the  channel  has  been  calculated.  Each  plot  of 
the  time -integrated  spectral  lrrad lance  (.joules/cm2  k) 
vs  wavelength  at  the  epwetrograph's  entrance  pupil 
was  Integrated  over  the  wavelength  range  throughout 
which  the  spectrograph  calibrations  were  known  ac¬ 
curately.  The  wavelength-  and  time -Integrated  ir- 
radlance,  K,  thus  calculated  was  used  with  the 
range,  R,  and  channel  height,  h,  measured  by  photo¬ 
graphic  trlangulatlcm,7  to  calculate  the  energy  per 
meter  radiated  by  the  channel: 

w  ■  h_1  Joules/meter  . 

Table  IV  contains  the  results  of  the  energy- 
calculations.  Corrections  have  been  node  for  at¬ 
mospheric  selective  tronsmisslcn.  No  correction  far 
extinction  by  rain  between  source  and  detector  has 
been  Included.  Using  the  results  of  charge  -transfer 
calculations  node  fer  these  strokes,  and  range  and 
height  information  from  the  trlangulatlan  photo¬ 
graphs,  the  energy  deposited  per  meter  has  been 
calculated. 

The  potential,  V,  of  an  elemental  charge,  q, 
relative  to  a  conducting  plane  at  a  distance,  h.  Is 

1  q 

V  - - —  . 

Unto  2h 

The  energy,  W,  required  to  assemble  a  charge,  Q,  at 
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Tib 3 a  IV.  Calculation  of  Visible  knargy 


Count 

No. 

Strata 

Tlta 

after 

Trigger 

(M«C) 

Range 

_U®1 

Length  of 
Channel 
Siena  nt** 
(Mters) 

Altitude 

of 

Channel 
Element 
(meters ) 

Visible 

Energy 

Joule* 

meter 

40.87 

07 

10.0 

11 

17.4 

40.103 

-50 

7.0 

7.6 

27.6 

0 

20.3 

31 

1.53 

49 

15.2 

191 

20.6 

40.127 

74 

7.2 

8.0 

7.5 

40.171 

59 

4.0 

4.4 

24.8 

71* 

1.08 

77* 

0.87 

03* 

0.47 

89* 

0.49 

40.186 

152 

4.6 

5.1 

8.75 

158» 

2.77 

44.195 

75 

12.0 

13.3 

H*** 

19.0 

H  +  19 

11.7 

H  +  4o 

10.6 

*In  the  case 

of  count 

40.106,  thw  stroke  at  152 

■aac  resulted  In  a  tlae -streaked  spectrum  due  to 
a  continuously  luminous  channel;  thus,  while 
there  was  no  "strata"  15 C  msec  after  the  trigger, 
this  nutaer  Indicates  the  center  of  the  time  in¬ 
terval  over  which  the  flux  was  tire  integrated. 

A  similar  situation  exists  far  count  40.171  at 
times  71,  77,  03,  and  99  msec  after  the  trigger. 

**The  part  of  the  channel  Imaged  within  the  densi- 
t center  slit,  l.a.,  the  vertical  length  of  chan¬ 
nel  over  which  the  spectrum  energy  was  Integrated. 

***In  the  case  of  count  44.195  the  spectrum  was  high 
enough  to  permit  three  different  densitometer 

scans. 


a  distance,  h,  from  the  ground  Is  then 

fQ  1  rQ  4  1 

W  -  I  Vdq  -  -  I  —  dq  »  -  —  . 

q  Wo  o  2h  4ttc0  4h 

Assuming  that  this  energy  le  dissipated  in  a  light¬ 
ning  channel  by  the  transfer  of  charge  to  ground, 
the  energy  deposited  per  meter  Is 

1  02  f  Q(coul)  "1 2  Joule 

v  .  -  -  .  2.25  X  10®  -  -  . 

4nco  4h2  L  h  (meter )  J  meter 

Using  these  values  of  deposited  energy  and  measured 
values  of  visible  energy  radiated,  the  efficiency, 
c,  far  conversion  of  electrical  energy  to  visible 
radiation  can  be  calculated.  However,  the  values  of 


visible  energy  given  In  Table  IV  must  first  be  cor¬ 
rected  far  transmission  through  rain. 

Transmission  through  rain  is  discussed  in  the 
Appendix.  To  determine  the  rain  extinction  coeffi¬ 
cient,  it  was  first  assumed  that  It  was  raining  all 
along  the  path  to  the  stroke  at  a  rate  of  10  nm/heur 
which  corresponds  to  a  typical  Los  Alamos  rainfall. 
This  rate  corresponds  to  an  extinction  coefficient 
of  ~  0,66  km'1.  Assuming  values  ranging  from  0.0 
through  2.0  for  the  extinction  coefficient,  It  was 
possible  to  calculate  an  efficiency  far  seven 
strokes.  The  largest  errors  in  the  efficiencies 
are  due  to  uncertainties  in  the  rain  transmission 
correction.  These  uncertainties  are  smallest  far 
the  closest  strokes  and  proportional  to  the  rain 
transmission  correction.  Therefore,  a  weighted 
average  of  the  efficiency  Is  taken  in  which  the  rain 
transmission,  Tf,  Is  the  weighting  factor.  The 
weighted  average  is  then 


For  each  value  of  extinction  c  iff lc lent  assumed,  an 
average  deviation  vaB  calculated,  and  t.he  plot  of 
mean  deviation  vb  extinction  coefficient  Is  shown  in 
Fig.  26.  It  is  seen  that  there  1b  a  minimum  mean 
deviation  far  an  extinction  coefficient  of  0.475 
km*1.  This  figure  wrb  selected  as  the  best  esti¬ 
mate  of  the  rain  extinction  coefficient  and  corre¬ 
sponds  to  an  average  rainfall  of  approximately  5  cm/ 
hour. 

The  resultB  of  the  various  calculations  are 
listed  in  Table  V. 

In  s untnary,  the  visible  energy  radiated  (5900 

to  690C-  k)  per  unit  of  length  of  lightning  channel 

/. 

has  beeri  calculated  using  time-  sod  wave  length -Inte¬ 
grated  spectrographlc  data  of  the  1965  lightning 
study.  An  estimated  rain -transmission  correction 
was  used.  The  total  energy  deposition  was  calcula¬ 
ted,  assuming  a  dipole  model  of  a  lightning  stroke 
and  using  measured  values  of  charge  transferred  and 
channel  length.  The  efficiency  far  c  covers  Ion  of 
electrical  energy  to  visible  radiation  Is  found  to 
be  0.007  1  56*. 
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Table  V.  Calculation  of  Efficiency 


Count 

No. 

Stroke  Time 
after  Trigger 
(msec) 

Range 

(km) 

Rain 

Transmission 

Visible 

Erer»* 
(.loules/mster ) 

Energy 
Deposited 
(.louies/meter ) 

Efficiency 

_ 

87 

87 

10.0 

8.7  x  10*3 

2.0  x  10J 

3.3  >t  10s 

6.1  x  10-3 

105 

0 

7.0 

3.6  x  10-8 

5.6  x  1J8 

5.1  it  10* 

1.1  x  10*“ 

105 

49 

7.0 

3.6  x  10-8 

4.2  x  10“ 

4.C  *  10* 

1.1  x  10‘8 

105 

191 

7.0 

3.6  x  10-8 

5.7  x  10® 

9.0  x  10* 

6.4  x  10-9 

127 

74 

7.2 

3.3  X  10-8 

2.3  ;<  108 

3.2  x  10* 

7.3  x  10-3 

171 

59 

4.6 

1.1  X  10-1 

2.2  x  10s 

2.1  x  10* 

1.1  x  10-8 

186 

152 

4.0 

1.5  X  10-1 

5.?  x  101 

2.2  x  10* 

2.6  x  10*3 

Extinction  Coefficient  Due  to  Ri  infall  -  0.475  km*1. 
Weighted  Average  Efficiency  «  0.007  1  36ft. 

•Corrected  for  (1)  humid -air  transmission  and  (2)  estimate!  rainfall  transmission. 


APPENDIX 


ATMOSPHERIC  TRABSMISSION 
1.  The  transmission  of  dry  air  Is  given  by 

R  P  273  ' 

(4)  ~  t 

8.01  760  T  J 

where  (X)  Is  the  wavelength-dependent  extlr.ction 
Coefficient  for  molecular  scattering,  given  by  Al¬ 
ien!13  R  Is  the  range  of  the  lightning  strobe  In 
kilometers;  P  Is  the  partial  pressure  of  air  In 
Terr;  and  T  Is  the  temperature  In  degrees  K. 


2.  The  transmission  of  water  vapor  Is  given  by 


T  »  exp 
wv 


-  28.06  ^  (X) 


E  ‘ 

(R.N.)  R  -  , 

T  . 


where  (X)  is  the  wavelength-dependent  extinction 
coefficient  for  water  vapor,  given  by  Allen;16  R.H. 

Is  the  relative  humidity  expressed  as  a  decimal 
fraction;  R  la  the  range  of  the  stroke  In  kilometers; 
and  E  is  the  satx  ited  water  vapor  pressure  In  Tarr 
at  temperature  7  In  degrees  K-. 


Fig.  26.  Plot  ol’  mean  deviation  of  efficiency  vu 
rain  extinction  coefficient.  The  best 
estimate  of  rain  extinction  coefficient 
for  run  40  was  chosen  *  a -that  which  mini¬ 
mized  the  mean  deviation. 


The  transmission  of  humid  air  Is  the  product 
of  Ta  and  Tw. 

5.  Transmission  through  rain  vhose  drop  diam¬ 
eter  is  larger  than  10  4  is  wavelength-independent 
In  the  isible,  according  to  Middleton.13  The  ex¬ 
tinction  coefficient  for  water  drops  Is  then  given 
by 13 
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W^d  -  2  x  10s  N  n  a8  (km*1) 

where  N  Is  the  number  density  (cm*3)  of  drops  of 
xedlus  a  (cm). 

Herd}*17  hes  published  dsi  on  drop-sire  distri¬ 
butions  for  various  retcs  of  reinfell  et  Flagstaff, 
Arizona.  A  rough  miseries  1  integration  of  oxtlnc- 
tlon  coefficient  over  drop  size  distribution  was 
carried  out,  end  the  res”ltant  extinction  coeffi¬ 
cient  is  plotted  as  a  function  of  rain  intensity  in 
Fig.  Sf'|. 
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